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SUMMARY

Resistance thermometer correlation measurements of the thermal
wakes behind two line heat sources arc suggested for estimation of the
(Lagrangian) joint probability density of fluid particle displacements, Con-
siderable uncertainty results in practice from the concomitant molecular
heat diffusion,

Experiments indicate that in addition to the well-known nearly normal
(Gavssian) shape of the probability densities of individual particle displace-

ments, these displacements are also close to being jointly normal,
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INTRODUCTION

If we mark with dye a particular portinn of a turbulent flow, we shall
see the marked fluid change position and shape as th;'xc progresses, These
two changes are manifestitions of the diffusive character of the flow, If we
repeat the experiment in a "etatistically identical" flow, the changes experi-
enced by the marked fluid will in general be different, but {f the experiment is
repeated often enough certain average quantitics can be defined, ‘\'rhc same
ﬁul be true in a single flow with statistical properties stationary in time. For
sxample, the mean square displacement of the fluid mass from the mean path
line and the averige increase of a dimension of the marked fluid vclume are
two such quantities chtﬁcterlzlng the diffusion. It is the goel of turbulent
diffusion theory and experiment t~ be able to predict such (Lagrangian) measures

of diffusion from other propertien of the flow field, preferally those more casily

. measured,

When the contaminant doez not change the dynamieal rroperties of the

marked fluid, this problem is obviously kinematical (in the ahaence of moalecular

. transport): !:ﬁg_ggl,gdg: of the properties of path lines in the fluid would be sufficient

to détermlne the turbulent convection,

‘raylor“) suggested that even with molecular transport, the ohvivas in-

! dependence of random molecular migration and random turbulent migration

permits simple superposition of the two re:uiting mean square displacementa,

hence the two transport effects, Townscnr’.(z) has receatily disproved this con-

clusion on the grounds that the obvious distorting effect of turbulent convection

~ on local scalar gradients actually changes the 1scal molecular transport rate,
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The problem of diffusion in a homogeneous turbulent flow with no
molecular diffusion was treated by Taylor in 1921(3). He related the simplest
measure, the mean square displacement of a single fluid particle as a function
of time, to the double Lagrangian time correlation of velocity, So far no one
has been nuccou!:l—_l_n‘_ grgdlctlng this correlation function from the general
dyﬁmlc. of the flow or in relating it to the (more acceasible) Eulerian properties,
Rs traits are known only through experiment. Anothef pertinent function, the
probability density of particle displacement in a homogeneous turbulence, has
been shown nxpdﬂmentally to be normal at all diffusion times(%s5+6) » but no
theory has been able to deduce this fact.

At the present time, therefore, we have available Ta_ylor'a theoretical
connsection between diffusion and Lagrangian correlatioa {written in more general
form by Bltehclor(n J plus the empirical evidence for a normal probability
density of particle displacement in shear-free homogeneous turbulence. By
mpirponiﬂon of point source results these are sufficient for prediction of the
average contaminant concentration field due to any prescribed spatio-temporal
distribution of source strength,

| Taylor's approach is applicable only in a homogenco/us turbulence, and
tho_;nou detailed data are available in the approxzimately hoﬁaogeneoua (and
isotropic) turbulence behind a regular grid in & wind tunnel, Qur reaulting semi.
empirical understanding supplies us at least with a jumping off point for conjecture

and for inspection of the diffusion in more complex "practical" turbulent flows,

i

*See, for example, "Remarks on Turbulent Heat Transfer'" by S. Corrs{n,
Proc. lowa Conference on Thermodynamics, April 1353.
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When more detailed information is desired, for example the probability
that the concentration at a {ixed space point will exceed a chosen value with
more then one active source, supurposed single source data ars inadequate; we
muet know the joint probability function for the particle displacements from the
several sources,

| The simplest generalization of the fairly well-studied single line source
case is that of two parallel line sourczs. The simplest turbulence available is
the decaying approximately isotropic turbulence behind a grid, The most con-
venient contaminant is heat, The present work was undertaken to establish

an experimental method for measuring the joint probability function for such
|

an arrangement,

This joint dispersion problem has been analytically described in some
detail by Batcheloia) “who also treated special alpecta‘ theoretlcauy(9). In both
vot'lu he excluded molecular diffusion ~ffects. The paper of Brier(w) should
also be noted.

The problem and experimental technique developed here were suggested
by Professor S, Corrsin, who also supervised the investigation., Miss V, O'Brien

carried out much of the calculation,
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THE PROBLEM QOF THE LINE SOURCE IN TURBRMT.EMT FLOW WITH
MOLECULAR DIFFUSION

With the usual average apace-time transformation used ia isotropic

turbulence experimants [ »d'- = U -S‘— J » the spread of the region
ot A x

contaminated by the marked particles with increasing dovmstream distance
iromn the source is a measure of their lateral diffusion. This diffusion is not
exclusively a result of the turbulence, however, since even if the turbulence
level were sero there would be a spr#ad due to molecular effects, If there were
no molecular-diffusion, the marked particles would constitute a surface with
wrinkles which tend to increase with time, hence with downstrcam distance, The
general spatial region occupied intermittently by this wavey sheet we call the
"turbulent wake'.'. The local region surrounding the particles marked at the
source, where the "marking" diffuses by molecular motions)wm be called the
""molecular wake"; hence this is the instantaneous wrinkled sheet as thickened
by molecular transport. The total region influenced by the "marking", irre-
spective of the diffusive mechanism, will be called the "mean wake!,

The word "wake" here i3 used to <2note the region contaminated by the
source. The fluid particles defining this rogion are marked in some detectable
fashion, in this case with hest., The sources and thé contairinant are agsumed to
have negligible effect on the dynamical propertics of the iluid, as rosiviction
satisfied by the actual experiments; the momentum wake was undetectable 1/2 inch
behind the source wire, i

In accordance with a suggestion of 'I‘n','lor("‘). the two mechanisms cauging
diffusion are usually assumed to be urcorrelated in the sense that the mean square
width of the mean wake is taken to be cqual to the sum of the mezn square widths
of the turbulent and the undisturbed molccular wakes. Townscnd(z) has recenily

: \
pointed out that they are actually correlated in the following scace: the molecular




diffusion ins nat independent of the "uriye i mo ion pecaune s wen.asi turbulent
strain convectively change the instantoneous temperature gradients in such a way
that the average molecular wake width afier a given diffusion time ;a greater than
that of the molecular wake in a non-turbulent flow,

If, however, it is found that the actual average molecular wake width is

the .same regardless of ita centerline location (i, e., of its position within the
turbulent waka), thea Taylor's ascumption can e reinvoked in modified form:
the turbulent dispersion is uncorrclated with the accelerated molecular dispersion,
Hence the squares of the corresponding standari deviations ' add to give the

squated standard deviation of the mean vake:

o_:. = 0_2 i c.z

In Taylor's original mggcctton(l) Tn vas taken from the non-'t\;rbulent
molecular wake,

In this investigation the above lack of correlation is established experi-
mentally, A theoretﬁa[igof would involve shoving zero co;-rclation hetween
the turbulent particle displacement y® ) = J’AV‘ (t,) At ,
and whatever function of-strain rate L ne  velacity spati:‘. cerivativa :l' ie
proportional to the increase in average riolezuiar wake wwidth.

Townsend's accelerated molecular diffuisr as dezeribad nkove is ensily
estimated only for turbulence spectral compone 1ita [sddies?) with nave lenzth

much larger than the molecular wake width, T'is pevmils cppremimeotion by o

spatially constant strain field*. For spactral comaonents with wove lonpih

* fee the analysais in Appendix 2 of refercnce 2,




3
much smaller than the molecular wake a different viewpoint seemsn »nprppriate:
these fluctuations aprénd the molecular wake from '"within' just as the molecular
motion does. Then the term '"molecular wake' loses whatever appropriateness
may have remained. The effective diffusivity of this very small scale motion
could be estimated with the analysis of Corﬂln(“) for heat transfer in izotropic

turbulence with prescrtbéd mean temperature pgradient.

For turbulent fluctuations of scale comparable with the molecular wake
width neither of the above simplified accounts is adequate, and a full-fledged

non-uniform strain analysis would have to be carried out,




; ANALYTICAL REPRESENTATION

' Taylor's now classical analysis of the diflusion from 2 singlc line source

{n homogeneous, non-decaying turbulence with no muiecular diffusion shows that

the mean square spread of the turbulent wake is given hy(3) \
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where y = f cr(e').lt‘ is particle displacement, V* i3 fluctnetion velocity
) °

{n the J «direction,

SRR S Lt

of z S (¢-T) » the Lagrangian time corrclation, in terma of the more
ouu‘y measurad Eulerian statistical functions, The o.nalysia\laadlng to the above

'

requires the turbulence to be stationary in time., Therefore diffusion in deceying
}

turbulence can be fitted into this simple mold only if it obsys some
¢ —

suitable similarity conditions, Tovnsend(?) has, in effect, assumed complete

llmu;.ﬂty of all functions both Eulerien and lagrangian, This assumption
colla;nu the diffusion data remarkably well concidering that there czems to he
no & ﬁ reason to expect such detailed self-prngervation of the dzenyirg
turbéjence field.

% This gives a result for St T) approxiir.tely independaat of he locntion
of th. source in a given decaying fisld. Defore :he caleulation can be carriec cut
the f?oleeular influence has to he removed from the 97. data, shich he did

by n{umring the aceelarated moleculrr < iffusfon and by nnsuming i: uncorrainted
r

£ .
to the turbulent diffusion,
» ’ :

ok st wﬂﬁ‘!;% EPN

S e~ bt oo i A ——— JU R \

Perhaps the main problem in single source diffusion thoory is the prediction
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If the functioaal form of the probalhility density of th: displaczsient ic
‘_chanctoﬁug,by_ngclpaumeter (such as its stancdard devistion) then a knowledge
oé 'tha’ulnniun correlation function gives a fairly complete statistical picture
of the diffusion, In "isotropic' wind tunnel turbulence this probability density
V‘hutlon is observed to be normal (Gaussian) at all diffusion times so that know-

ledge of the Lagrangian correlation function perraits the mean concentration to

be computed at a given point for any source distribution,

: It is pertinent to examine the timec variation of temperature at a fixed

:polm in the wake, N@ar the source this time variation ia vezy spiky with a fixed
:vuutton between the ambient temperature (say zero) and eome penk value, (6)
:._l‘hh peak is fairly insensitive to velocity gradients, so that any observed variation
,jn pu;'tempcrltun at the fixed point is caused by the Molecular walkes not baing
;omplctdy swept past the point, Near the edge of the turbulent wake the tempera«
‘inn is sero except for infre~uent pulses due to the molecular wake's entering

@ln region, Near the center of the turbulent wake the pulses are more frequent

i
lnd the temparature only rar=ly drops to the wero value.‘\ After grentur diffusion
umc the signal has essentially the same character, but now there is no clearly
ghﬂmd maxi?num temperature since the instzninneous peale value is dotermined
l;y the time history of the turbulent and laminar eifects on the d!ﬁ"’u:iiou. and

the longer the time the larger the variabilily. For example, after great ditfuaion

tho the skewness of the temperature fluctuation 2t a fied space psint is con-

—

%tdtubly nduccd(")._,
3 -

;, | The source configuration considered in this papez is that of two parallel
llac sources At the same downstream disiance from the turbulence ~roducing

‘rld. The problem has two paramete=g in the s:nse that the spacing of the sources

and the distance downstream from the sources are the variables used in cxploring

e o - o S—————-— s
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the joint statiscical properties of the wakes. For both zero source #nacing and

- large source spacing the problem reduces to an application of single source
results, since for spacings large compared to all length scaiel of the turbulance
the wakes move independently, |

The fanction of interest in this investigation is the joint probability density
of particle displacements {rom the two sources, As will be shown shortly, this
is approximately proportional to a measurable quantity, the correlation between
temperature fluction signals at two points in the turbulent wakes, This relationship
is the cuenc; of the experimental technique introduced here.

In particular; if thé stream directionis x , the direction peri:endlculn
to the main stream and the line sources is ¥ o and the direction parallel to the
sources is =& , then the function of interest is the probability, defined as a
time )avengc that one turbulent wake is contained in a region (x , 30*)""' (m‘m:, )

and simultaneously the other turuvalent wake is contained in a region

(x‘ Yt,')"’ (7"1]&*‘3) - ) (Fig. 2). In the experlmcnts the x ~location
of the sources is constant, say zero, and all measuremerts are made at the same
- Therc!o::‘c.’_t_!ic/ probability is a function of the source spacing Y )

the distance from thesource X , and the two la‘zral positions, &, , ¥ .

This function is denoted by

' Ply,¥aiY,x)

where 3 and J2 are the individual y -displacements of the -

two wakes.

3yap riori reasoning it is possible to make cesrtain etatements about this

function. Near the source the probability density funciion of the displacements

&




is identical tc that of the velocitien 8t - 1 two polets (f we apaly the : p opriace
spacestime transformation. Thercfore, 2ll known statisiizal properties should
be recovaratle from the displacement measurcinents, e, g. the double correlation
and the skewness of the velocity difference, Within a reasonable diuvtance from

the sources, for a fixed 2 , the two wakes cannot cross, and hence,
. -

?(&,3;5\’,%) =0 bFr y-y>Y

The transverce isotropy of the flow alsc imposes the condition that
P(:’u:ﬁ; Y, ") = P (—3")' 43 Y) })

The remaining restriction is that the single wake should be recoverable from
the marginal distribution. If the single wake probability density for the

displacement is P(g;x) , then

3

plogx) = [ P oay,

and
oy

- 00
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EXPERIMENTAL EQJIPMENT

The kpcrtm.ntal work was carriedout ina 2 x 2 foot N, P, L, type
open return wind tunnel at a mean velocity of 15 feet per second {Fig. 1). The
turbuleance was gensrated by a bi-plane square mesh grid with l-inch mesh and
1/4-inch round rods,
; Two spring loaded, vertical, ,005-inch, heated Nichrome wires which
spanned the tunnel served as sources for marking the fluid particles, The wires

\

ware mounted 20 mesh lengths from the gjrid in a frame which permitted independent
parallel motion in the Y -direction, The wires were heated with drect\current
o8 ﬁmpcntun of approximately 300° C, thio temperature producing no measurable
dyuuélcnl effects on the heated fluid at the position where measurements were

taken, There was no observable sag or motion of the wires due to aerodynamic

torcc;.
The instantaneous temperature was detected dovnstream of the sources by
two platinum resistance thermometers ,00005 inch in diameter, constructed from
Wolhiton wire. The thermometers were operated with sufficiently low current

( € . 003 amp) so that the velocity output was negligible compared to the temperd;
ture o:utput at the X =locations uaed(lz). These thermometers were mcunied on

a tuv;ntng mechanism that permitted independent motion in the y ~directicn,

{ie, ];crpendlcular ;/th::tean flow direction and to the sources, The Y -location
with riupeet to the source location could be established within ,002 inch,

' Mean temperatures were measured by averaging the temperature signal with

long period galvanometer. One thermometer wan used in the wake system, and




| M
the other was placed i the stream outside the region of wake iniluence, Large
scale temperature fluctuations affecting both wires were cancelled by a bridge
circuit. A Leeds and Northrup K-2 potentiometer was used to measure the
voltage,

Tae i{nstantaneous wake temperatures were converted to usable voltagea
by amplifying and compensating the thermometer output in accordance with
ordinary hot-wire anemometry practice, The thermometer had 2 time constant

of . 1 millisecond aad jh’e__ compensated voltage output was flat to within 2% from

2 to 8000 cyc'es per second.

e



M“ASDREMENT OF THL JOINT IPROBADILITY OIF "IN " i -
DISPLACEMENTS

The joint probability of particle displacements from the two sources is
e -Qmuu the fraction of total tima that the wales ars simultaneously at two
specified Y -locations, Since our ‘hermel tagging diffuses molecularly,
cor}:cctiot; must be. made if we seek the turbulent dispersion only, Toward
thlsjbnd we need & measurement of the average ""thickness' of this hot skret
for ;lch position in the X, y plane, In fact we should like nn averape

"oeal” temperature diatribution for each such position, This can be mezaurad

approximately in a ingie wake via the correlation between temperatareafluctintions

) |
picked up by two resistance thermomeciers (cool "hot-wirza") separated i th:
#

.y’ «direction,

'
‘% Let CCJ H x,t) bs the single~wake temperature field, The seni-
' \
ki v \
colon {s simply a reminder that we fo:us atiention upon £ y) foxfized %
and * f . 4(3) can be cescribed nlso as a function of the i -location
of ltl mean { 3 ) and tha distance from thia 3 - 3" ) . e,
* ’ !
o f= f Gymrly oyl o)
v o
Whef;, f yC(\j)dv
. ’ = Cl .
i ¥ s =
{y )
¢
'% For esch value of J (anc X ) 0f eouvee) thera ig on preerige

temperature cistribution //F' (3"5", Y I x ) ; thio tu “he ove we shou d
ke to determine experimentally for the purposc of correcting the ¢rocs mez

waka, In priceiple it could be determined as & time average of

TR
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£, (y-37; y', >, ¢) with ¢/ held fixed, i, e. the av.sage of

the collection of instantaneous £’s  vhich occur whenever the mean position

of the hot sheet aweeps past a chosen y ’ .
— ~

In order to make an experimental estimate of F, we assume
e d
(s) that £ ' is a normal (Gaussian) curve, though lower and broader than the

normal thermal wake which would occur with no turbulence; (b) that the instanta-
neous F ( 3) profiles differ only a small amount from the "conditional

~
mean function' -F' ly-y ') « Under these assumptions, the directly

measurable temperature correlation function )

L(_Q,j) = -C(x\ F(;+r)

i{s approximately squal to the hypothetical correlation that would result from

~o
random lateral translation (by variation of Y / ) of a fixed profile f i ( M -y' ) .

Rny) = fﬁ(ﬁ’ﬁ')f:“f”"f’)P(EI')‘"J’

where i’(‘j') {s the probability density of Y / » {. e, of the turbulent

wake, 7.

_ With assumption (a) plus the known closely normal character o; ,b( y ')

we get
’ "~ ’ ’ ’2
’ Iy-37)"  (yre=y)) o
A “ 2ol = 2o
R(\‘,y) 'x( 5% - a.‘i ; e Y T p dJ’
pJ e

Q‘F"(glt ..) e q;(yl) o~ Swall g
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where G'P and o, are the standard deviations of f-" ang p .

What we want to check is whether d; is independent of '
as assumed by ‘rovmlend(z) . Since the independence assumption works f{airly

well for single wake measurements, a can be at most a slowly varying

£
fuction of Yy . In particular, if the variation of q‘F is small over a

distance comparable with ?F- + whence th- major contribution to the integral

comes, then we can write approxlmatel‘y S o (2 y o )
exp {"zo';' [23 ks 20t ]

~
Rny) 21?'“;01.«7;‘1-4}‘-

Presuming that the measured , R(7,t) does give normal R (')
for each J + and that O'; is known, th~ above expression could be nsed
in principle to calculate 5" (3) . In fac?, ?P ( is not known a priori
but we do have dé o the standard deviation »f the mean thermal wake, For

this calculation we must therefore estir.ate d; ; the simplest estimate is

perhaps

d"‘ ~ 6_2“ <G_1.> ‘\
P 4 £ ave,

1 2 . Y
where <U; >¢wv. is the average value of G, (Yy) across the
mean wake, at fixed— X .

_ A straightforward way to use this statistical izfcrmation on £ for
d)cterminlng P (x., NE Y, ~x ) {s to measure the double correlation be-
tween the temperature fluctuations in the two wakes, the measurements being

taken at the same x o« The result of such 2 measurement would be a

function of 3‘, Y, » the thermometer positions. This function is

(&4 (3"3‘.’%')'/\[‘)‘? (3, 8“J 7) f(h!,,J,_&)P(x_s J‘.)YZ) e!_'f AJZ

en =00
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Lm the seeand u-\kﬂ
This expression assumes that £ Ly ,) {s independent of (y.) A at the

same instant, 2: is defined as an average, and this assumption meana
that the average shape of -F; at a particula: Y is independent of a
subsidiary condition such as the fact that nearly fluid particles have aléo been
tagged.

Unfortunately, inversion of the above expression for "P is simple only
for special cases, such as E: being a Dirac type function; hence, this
approach i{s not advisable {f others are available. Furthermore, the standard
_dcviaubn- of ﬁ and P in the experimental configuration used happened

~

to be of the same order of meagnitude, which makes ‘ﬁ far from a Dirac
function,

Since the information sought requires measurement cof the location of the
fluid which has actually %een 'in contact" with the sources, a method was devised
that used only the peik values of the temptrature, The turbulence keeps the
molecular wake symmetric on the average, so that the peak temperature is located
at the symmetry point, {,e. the point that waa "'i1 contact" with the so.izce,

: The manner in which the mealurcment; were performed ".'at-‘\‘to make the
temperature at a point actuate a trigger circuit ‘1 suzh a svay that when the tempera-

ture exceeded a certain level, a constant ron-~zr-o voltage was procuced which went

——

again to zero as soon as the temperature tdroppe'i below this level. Wita two
channels of this type, one for each wake, signals are generated which yield a fixed
voltage when either transducer is in a region where the wake exceeds a given

temperature, These binary signals, f{lucinating >etwaen zero and a {ixed value




not zero, depending on the abscnce or presence of the hot regiorne ¢{ '.c wakes,
when multiplied together yield a signal whose integral ia proportional to the

desired joint density.

This type of operation on the temperature signal converts each molecular
wake into a rectangular shape whose widih ) is determined by the width of
the molecular wake at the temperature used to actuate the trigger. If this rect-
angle {s called 3 (‘5"5 ', Nt ') )r) » the number obtained by multiplying\ to-

gether e signals from both wakes is given by

G, (s, %3 %) = f f & (aras!i 9 gsest s ;x) Pyl gty o) Ay, 'yl

- —o®
If the critical temperature is high enough so that the variation of P is small

ia the region s , than

GJ N/ P(L"y";\"u)slsl *.."‘f“

‘l Using the signals in the manner indicated here requires that an accurate
ropro&cﬂo:‘x of the temperature signala be available to actuate ‘he trigger. The
hot-wire amplifiers were a.c. coupled for reasons of stability, so that the oute
put lliull from the amplifier had a zero mean velue. In order to regawu a voltige
actually propsrtional to the instantaneous tempsrature, it is necessary to regain the
mean value, This was done by either clamping the signal to the ambient tempera-
ture level of the signal, i.e. making zero voltage correspond to the ambient tunnel
temperature, in locations where a well-defined nero exieted (near the edges), or
by adding a voltuge proportional to the mean temperature in regions where ro

base level existed (wake center).




L
These signals were shaped, as describad above, with Sck~Ut irigger
circuits into on-off signals, The trigger signaln from each wake werc instant-
aneously multiplied and the resulting coincidence signal was integrated to give

& measure of the joint probability distribution. The integration was accomplished

by"ulins the coincidence signal to modulate a regular pulse train and counting
thqoe pulses that passed when the signal was non-zero, A diagram of the cireuit
tluf performs the necessary operation is shown in figure (3).

‘ In order to determins the correct voltage to be added to the signal for

4

restoring the mean temperature value, measurements of the wake of a single

¢

line source were made with the same method used for the two wakes, except

b

that here the integration was performed on 1 instcad of the coincidence

olgitl from the two wakes, The result of this mensurement is equivalent to

}

Heg) = f gey-yiy' %) plyfd Ay’ o plysa) -S4 008

-l

N ] ..gwgmms

& )
P(S:) was obtained from the mean wake and the crperimentally determined

. :
4" (3‘.3') o Sufficient voltage was added et cach poiri of tha siznal to make
H Cg) proportionalto  P(Yy} . In genersl, zpprecisblc addlt'sn of valtage

k.
was needed in only the central portion of the turbulent wake.

A AT s e e
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RESULTS

Measursments ‘mn mads at the distancesof X *7/8 , 6-7/8, and

18~7/8 inches from the sources,

The function  F(Y) f(y+r) was measured in order to obtain information

ﬁm the molecular wakes necessary to adjust the equiprhent and to interpret the
fnultn. The measured points, normalired on m » are shown in
aguru 4, 5 and 6. Assuming a Gaussian shape and making use of the fact that
tl_h (accelerated) molecular wakes and the turbulent wakes arc approximately
u;lcorrohtcd. we obtained values of °~.F from these curves in c\onjunctlon

i
with the mean temperature curves. The assumptions involved in this analysis
13

are apparently not wholly satistied, since the value of 0; obtained depends
3 -

on the particular points of the correlation function used for its computation. An
‘ﬁrap value of G; was taken at each ¥y and these are plotted in

g 4

liguu 7. The values of G; show no consistent variation with Yy ata

particular % , and within the scatter they are constant, indicating independence

of the two diffusion phenomena, The ‘fact that the ratio O}/d‘ is approxzimately
o P

£

\ﬁlty for all diffusion times considered is surprising, and precumably a coincidence
‘ _

!52 the ;;ilecular experimental conditions,

v
S

,'ni. mean-wakeat X = 18+7/8 {nches is shown in figure 8 naa iypical of

§
these measurements. Also shown is a comparison of the turbulent wake as com=

~

puted from the mean wake and as measured dircetly with the trigger circuit, The

[

Gircuit was used here with the signal claraped tc its lowcst value, {,e. the minimum
%

value attained by the signal over a tima interval of 1/2 sccond was used us the

base line voltnge, Near the edges of the weke the circuit clamps on to the ambient

A 14s T VTP e s P R -
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temperature and the two curves agree closely, When the juius proaabil lies
-wcrc measured, the circuit was adjusted so that the output corresponded to
the correct turbulent wake, as explained in the preceding sec.lon,

The joint probability functions were obtained by measuring a set of con-
ditional probability curves and then using these to construct a contour plot of
ﬁho desired functions. This plot was normalized to unity at its peak value., A
?yplcal set of Tg_!g,rg‘d conditional probability curves is shown in figure 9,
i'ho cdatoun were constructed from interpolation of such data. The contours

were symmetrical around Y VT Ya in all cases, as required by isotropy, ;

so fhat only those on one side of ' "Ya were plotted.

' Near the sources, where the Lagrangian velocity correlation coefficient is

RS e o

H

close to unity, - the measured joint probability densities of the displacements

should be {dentical with the velocity joint probability densities at the two source
pdlntl (with the appropriate scaling). The measured joint probability denasitiea

of the displacements at 7/8 inches (figures 10 and 11) were therefors used to

P S it i Myttt "

calculate the double correlation of the velocities at the same location, and these
values are plotted in figure 12 together with the directly measured velocity | \
correlation curve. The comi:nted points give a smaller correlatinn cocfficient

than the direct measurement, a circumstance that may be attribu.able to the

I.:lgungun correlation's not being sufficiently close (o one at the X -location

used
3 When molecular diffusion has been in action so long that the molecular

v)akel spread into each other for an appreciable range of (y . -ga__) ¢ the

measuring technique fails eince the wakes become indistinguishable. Iathis
\

\




region the joint probability function is not compietely recoverauir., Because of

this reduced reliability the measurements made where this effect was dominating
are not reported here. These include measurements at X = 6<7/8 inches,
18-7/8 inches, and Y = 1/4 inch.

"'rho data for Y = 3/4 inch (figures 11,13, 14) illustrate the propagation
of the joint probability density for particle displacement in time. The particle
motions remained correlated for all diffusion times observed, as indicated by

the non-sero eccentricity of the elliptical contours. At. X = 187/8 the

.flattening of the contours near Yar¥, * Y is a manifestation of the con-

straint forbidding particle paths to cross.

| From tl;t contour plots at Y @ 3/4", the marginal distributions of

( 3,-3;) were computed and are shown in figure 15. For this pq\rticular
ﬁ.’mrco spacing and at these diffusion times, this function stays similar and is

approximately Gaussian in shape.

The marginal distribution of y, and y,  computed from the
probability hills did not correspond exactly to the directly measured distribution
of ¥, ©F Y, . This difficulty is due to the lack of precision at low values

of the probability, and possibly to a lack of independence between the turbuleat

and molecular wakes.
’: RN (q)
The growth of (y -y,)* asa functionof X iz shown in figure 16,

i e i




ot o anins i . O it

CONCLUSIONS

This study:/o( measuring technique for determining the joint probability
! density of particle displacements in a turbulent flow field discloses several
effacts that have to be correctly accounted for in any further work along these
lines. When fluid particlea are marked with a substance that can diffuse by
molecular motion, the resulting finite size of the convected region enters the
measurements in such a fashion that the laminar and turbulent effects are in-

separable. Near the sources, given 4  values for the wale locations imply

& value of the velocity derivative., This same velocity gradiant will change the

widths of the moﬁ:\:ﬁ;;’akes. and this change is reflected in Any measurements

weighted by the wake widtha at a given value of the température. The large shift
) of the peak value of the probability hill from the geometric~l center ( Y= Yu =0
in the present measurements illustrates this effect most noticeably, The shift had
been entirely attributed to the known skewness of the velocity difference in isotropic
turbulence until it was seon that the margival distributiomof Yy, and  Ya
computed from these data also had the pealsshified, Asisuming that the wakes
were acted on by the same velocity gradient for all diffusion t{imey corcidered, and
estimating the velocity derivatives at each wake, yiclds a resnlt f2: the i:cak shift
in rough agreement with the measured value which indicates that the aralysis has
a ;;roper basis,

The results show further more that the average shapc of the molceular

wake at a given diffusion time i{s indep2ndent of Y , if no othar condition

is spccified, so that the assumption of uncorrelated moleculer and turbulent effecta

is usable in the single source case,
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The observed changes in time for the Y - 3/4 inch joiat probability

densities show that the joint probability density function does not stay similar
in time but requires more than one parameter for its description., This seems
reasonable because the constraints controlling the behavior of the function at
vuﬂoun diffusion timu‘ne different, Near the source the displacement jolnf A
probablility distribution is similar to the velocity joint probability uistribution,
while far from the nourc; the fact that the wakes cannot cross becomes significant,

,, r“lamy. it is suggested that studies for long diffusion times (when molecular
broadening has ""overlapped' the two wakes in tlhese air experiments) be carried

out in water, which has a considerably higher Prandtl number.
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